Abstract. The holiday poinsettia (Euphorbia pulcherrima Willd. ex Klotzsch.) is the number two potted flowering crop sold in the United States with a reported wholesale value of $146 million in 2010. Profitability is increasingly threatened as the cost to heat greenhouses has increased by over 90% in the last 10 years. As energy costs continue to increase and poinsettia prices remain relatively constant, growers are seeking cultivars that can be finished under reduced temperatures. Our objectives were to quantify how reduced temperature finishing (RTF) 2 weeks after the start of short days influences height, bract area index, and time to anthesis of poinsettia. Eight red poinsettia cultivars were selected based on their early response attributes (initiate and finish within 6 to 8 weeks), moderate to high vigor, and naturally large bracts. Rooted cuttings were grown at day/night temperature set points (12 h/12 h) of 24/19 8C until 15 Oct. and under a 16-h photoperiod consisting of natural daylengths with day-extension lighting until 1 Oct. On 15 Oct., plants were transferred to day/night temperatures (12 h/12 h) of 20/14, 21/17, or 24/19 8C. Time to anthesis from the start of short days was 60 and 55 days at 24/19 8C and 76 and 68 days at a reduced finishing temperature of 20/14 8C for 'Prestige Early Red' and 'Early Orion Red', respectively. Final height was not significantly influenced by RTF in either cultivar. Our results indicate that RTF is a viable option that greenhouse growers can use to help reduce energy costs of carefully selected poinsettia cultivars.
In response to rising energy costs over the past several years, greenhouse growers have implemented a variety of strategies to reduce costs, including lowering their air temperature set points, increasing insulation, starting production later in the season, consolidating production, installing thermal energy curtains, contracting fuel, purchasing energy-efficient heaters, or switching to alternative fuel sources (Hopkins, 2001) . Today, energy for heating in Northern climates accounts for 10% to 30% of the total operating cost of commercial greenhouses (Brumfield, 2007; Langton et al., 2006) . The cost to heat a greenhouse has increased in the past decade because the cost of fuel (e.g., natural gas, propane, and heating oil) has more than doubled. The average price of natural gas sold to commercial growers in the United States rose from $19.61 per 100 m 3 in 1998 to $45.82 per 100 m 3 in 2008 (Energy Information Administration, 2011). During the same time period, the average wholesale price received by U.S. greenhouse growers for 5$ or larger potted poinsettias has only increased by 14%, from $4.24 to $4.82 (U.S. Dept. of Agriculture, 1999 , 2009 .
The holiday poinsettia is the second most valuable potted flowering crop in the United States with a reported wholesale value of $146 million in 2010 for the 15-top producing states, representing 4% of the total wholesale value for floriculture crops (U.S. Dept. of Agriculture, 2011) . Of the 36 million plants sold in 2010, the majority were red cultivars. Poinsettias are propagated from shoot-tip cuttings and grown in greenhouses from July to early December for sales in November through December. As energy costs continue to increase and poinsettia prices remain constant, poinsettia producers are lowering their greenhouse air temperatures (Faust and Kehoe, 2007; Lopez and Krug, 2009 ) without knowledge of cultivarspecific consequences.
Temperature controls the rate of plant development, including time to unfold a leaf and time to flower. In addition, if temperatures are at or below the species-specific base temperature (T b , estimated to be 10°C for poinsettia), developmental rate is zero (Berghage et al., 1990; Roberts and Summerfield, 1987) . Research conducted by Liu and Heins (2002) on the moderate-vigor poinsettia 'Freedom' indicates that as the photothermal ratio [ratio of daily light integral (DLI) to temperature] decreases after the start of short days (SD), bract size and cyathia diameter decrease linearly. Therefore, it is imperative that the effects of RTF on scheduling and plant quality are quantified on moderate-to high-vigor and/or early-flowering poinsettia cultivars. Two red cultivars from each of the five major poinsettia breeding companies were selected for investigation based on their early response attributes (6-to 8-week response time), moderate to high vigor, and naturally large bracts because these attributes are essential for RTF.
RTF has the potential to reduce energy consumption and costs associated with production while increasing profitability (Faust and Kehoe, 2007) . To our knowledge, no peer-reviewed studies have been published on the effects of RTF on a wide breeder selection of modern commercially available cultivars. The objectives of this study were to To whom reprint requests should be addressed; e-mail rglopez@purdue.edu.
quantify how RTF influences time to anthesis, plant height, bract area index, and bract area-to-height ratio of eight modern poinsettia cultivars.
Materials and Methods
Plant material (Expt. 1). Plant culture (Expts. 1 and 2). Plants were irrigated as necessary with acidified water (PU only) supplemented with water-soluble fertilizer to provide the following (mgÁL Two weeks after planting, plants were manually pinched to leave 6 to 7 nodes. Throughout the study, pH and electrical conductivity were measured weekly using the pour-through method to ensure that pH remained in the range of 5.7 to 6.2.
Data collection and analysis (Expts. 1 and 2). Plant height from the base of the container to the top of the apical meristem was measured weekly and plotted in a graphical tracking program (Fisher and Heins, 1995) . Anthesis was determined as the point at which pollen was visible on two branches. At visible anthesis of two branches, bract length and width of the two flowering stems (widest diameter across and diameter 90°a cross) were recorded. Bract area index of each of the flowering stems was determined by using the formula for an ellipse [(widest diameter · shortest diameter · p)/(4)] and averaged as a representation of bract area. The bract area-to-height ratio was calculated by dividing bract area index by final plant height as a measure of the aesthetic ratio of ''color'' to height (Currey and Lopez, 2011 Expt. 2:'Prestige Early Red'. Bract area index generally decreased at lower reduced temperatures and at later transplant weeks at UNH; no trends were observed at PU (Tables 2  and 3 ). In both locations, transplant week significantly influenced height at anthesis regardless of finishing temperature. For example, regardless of temperature, plant height decreased by 9 to 10 cm as transplant week increased from Week 31 to 33. Bract areato-height ratio decreased from 23.9 to 16.9 at UNH as finishing temperature decreased. As finishing temperature was reduced, TTA increased at both locations. For example, at transplant Week 31, average TTA at 24/19 and 20/13°C was 57 and 76 d, respectively at PU.
Expt. 2: 'Advent Red'. As finishing temperature was reduced, bract area index decreased at both locations (Tables 2 and 3 ). Height at anthesis decreased by 19.8 cm (32%) and 10.2 cm (17%) at PU and UNH, respectively, as transplant week increased from Week 31 to 33. As transplant week and finishing temperature increased, the bract area-to-height ratio increased at both locations. As finishing temperature was reduced from 24/19 to 20/ 13°C, TTA increased by 23 and 16 d at UNH and PU, respectively. Expt. 2: 'Early Orion Red'. Neither finishing temperature or transplant week had a significant influence on bract area index at either location (Tables 2 and 3 ). As transplant week increased from Week 31 to 33, height at anthesis decreased by 13.5 cm (25%) and 13.0 (23%) at PU and UNH, respectively. No trends in bract area-to-height ratio were observed at either location. At PU and UNH, both temperature and transplant week influenced TTA. As finishing temperatures were reduced from 24/19 to 20/13°C and transplant week increased from Week 31 to 33, TTA increased by 17 d at PU and 20 d at UNH, respectively.
Expt. 2: 'Orion Red'. Transplant week and finishing temperature both had a significant effect on bract area index and bract areato-height ratio; however, no trends were observed (Tables 2 and 3 ). In both locations, transplant week significantly influenced height at anthesis regardless of RTF. For example, at PU and UNH, plant height decreased by 15 and 11 cm, respectively, as transplant week increased from Week 31 to 33. TTA was influenced by RTF at both locations. As finishing temperature was reduced from 24/19 to 20/13°C, TTA increased from 53 to 70 d and 50 to 70 d at PU and UNH, respectively, regardless of transplant week.
Expt. 2: 'Viking Red'. As finishing temperature was reduced from 24/19 to 20/13°C, bract area index decreased from 1099 to 761 cm 2 at UNH (Tables 2 and 3 ). Height at anthesis decreased by 13.6 (37%) and 11.5 cm (21%) at PU and UNH, respectively, as transplant week increased from Week 31 to 33. Transplant week and finishing temperature influenced bract area-to-height ratio at both locations. For example, as transplant week increased from Week 31 to 33, bract area ratio increased from 19.2 to 25.7 at PU. The TTA at PU increased from 56 to 70 d and from 55 to 75 d as transplant week increased from Week 31 to 33 and as finishing temperatures were reduced from 24/ 19 to 20/13°C. Expt. 2: 'Early Glory'. Transplant week and RTF at PU and UNH influenced bract area index; however, no trends were observed (Tables 2 and 3 ). Height at anthesis decreased by 11.9 cm (24%) and 9.1 cm (17%) at PU and UNH, respectively, as transplant week increased from Week 31 to 33. No trends in bract area-to-height ratio were observed at either location. However, RTF significantly influenced TTA at both locations. For example, as finishing temperature was reduced from 24/ 19 to 20/13°C, TTA increased from 57 to 75 d at PU.
Expt. 2: 'Christmas Feelings Red'. No trends in bract area index or bract area-toheight ratio were observed at either location (Tables 2 and 3 ). As transplant week increased from Week 31 to 33, height at anthesis decreased by 9.8 cm (20%) and 5.7 (11%) cm at PU and UNH, respectively. At both locations, RTF and transplant week influenced TTA. As finishing temperatures were reduced from 24/ 19 to 20/13°C and transplant week increased from Week 31 to 33, TTA increased by 17 Table 3 . University of New Hampshire: bract area index was determined by using the formula for an ellipse [(widest diameter · shortest diameter · p)/(4)], final plant height at anthesis, bract area-to-height ratio, and time to anthesis of poinsettia 'Prestige Early Red', 'Advent Red', 'Early Orion Red', 'Orion Red', 'Viking Red', 'EarlyGlory', 'Christmas Feelings Red', and (Tables 2  and 3 ). Expt. 2: 'Christmas Eve Red'. Bract area index was not influenced by transplant week or RTF at either location (Tables 2 and 3) . Transplant week and RTF at PU and UNH influenced final height. For example, as transplant week increased from Week 31 to 33, final height decreased from 51 to 41 cm and 57 to 47 cm at PU and UNH, respectively. No trends in bract area-to-height ratio were observed at either location. As finishing temperatures were reduced from 24/19 to 20/ 13°C, TTA increased from 55 to 72 d and 55 to 74 d at PU and UNH, respectively, regardless of transplant week.
Discussion
Successful and economically viable RTF of poinsettia requires cultivars with early response time to SD, moderate to high vigor, and naturally large bracts so that height, bract area index, and TTA or marketability are not as adversely affected as other less vigorous, later response group, and smaller bract cultivars.
For the red poinsettia cultivars tested in this study, TTA increased by 2 to 15 d and 15 to 22 d as finishing temperature was reduced during the day/night by 3/2 and 4/6°C (12 h/ 12 h), respectively, beginning on 15 Oct. Depending on the cultivars selected, growers using RTF would have to begin production anywhere from a few days to 2 weeks earlier than normal to meet their market window. Previous work with randomly selected poinsettia cultivars reported that TTA increased by up to 49 d when finishing temperatures were reduced during the day/night by 6/5°C from 24/19°C on the start of SD (Lopez, 2008) . Therefore, in the current study, we began RTF 2 weeks after the start of SD. Langhans and Larson (1960) reported that poinsettia 'Barbara Ecke Supreme' produced salable flowers when finished at 15°C, whereas 'Ecke White' and 'Ecke Pink' were not marketable. Therefore, careful cultivar selection is essential for RTF to be economically viable for greenhouse growers.
Poinsettia is generally classified as a SD plant with a critical daylength of %12.5 h; this is dependent on the cultivar and ambient temperature (Kristoffersen, 1969) . Larson and Langhans (1963) reported that the optimum temperature for rapid floral initiation and development of poinsettia is between 15 and 21°C. For example, in previous studies they had determined that TTA of poinsettia 'Barbara Ecke Supreme' was 61, 81, and 96 d under day/night finishing temperatures of 27/ 21, 21/15, and 15/10°C, respectively. No stamens were visible and plants were not marketable under finishing temperatures of 27/27 and 15/10°C, respectively (Langhans and Larson, 1960) .
Previous research on poinsettia and temperature has primarily focused on high temperature or heat delay effects on flowering. Barrett (2004) The slight differences in TTA between PU and UNH may be attributed to the use of black cloth to achieve an 8-h SD at PU as opposed to natural SD at UNH. Langhans and Larson (1960) reported that plants under a 9-h photoperiod created with black cloth reached anthesis before plants under natural daylengths.
The influence of temperature on stem elongation of poinsettia and other plant species has been extensively studied (Berghage and Heins, 1991; Erwin et al., 1989) . Berghage and Heins (1991) reported that poinsettia stem Table 3 . (Continued) University of New Hampshire: bract area index was determined by using the formula for an ellipse [(widest diameter · shortest diameter · p)/(4)], final plant height at anthesis, bract areato-height ratio, and time to anthesis of poinsettia 'Prestige Early Red', 'Advent Red', 'Early Orion Red', 'Orion Red', 'Viking Red', 'EarlyGlory', 'Christmas Feelings Red', and elongation was a function of the difference (DIF) between the day (DT) and night (NT) temperature (DIF = NT -DT) and as DIF becomes more positive, stem elongation increases. In our study, temperature had a significant influence on final plant height at anthesis across most cultivars at PU and only one cultivar at UNH. However, no significant trends were observed between the various DIFs resulting from our temperature treatments. Under a positive DIF of 6 (20/13°C), 5 (24/19°C), and 4°C (21/17°C), final height of 'Viking Red' transplanted Week 31 at PU was 46.6, 51.6, and 49.0 cm, respectively (Table 2) . However, a reduction in final plant height was observed in certain cultivars as finishing temperatures were reduced from 24/19 to 20/13°C. Similarly, Odula (2011) reported that final plant height of 'Prestige Red', but not 'Freedom Red', grown under constant temperatures (0 DIF) was 5.1 cm shorter at 15.5°C than at 18°C. Transplant week had a significant effect on final plant height at both locations. For example, as transplant week increased from Week 31 to 33, final plant height decreased across cultivars (Tables 2 and 3) . Regardless of RTF, average plant height of 'Orion Red' transplanted on Week 33 was 14.7 and 11.5 cm shorter than plants transplanted on week 31 at PU and UNH, respectively (Tables 2 and  3) . Therefore, plant height may have to be regulated with plant growth regulators or nonchemical means if the crop is transplanted early (i.e., transplant Week 31 for a controlled photoperiod). Odula (2011) reported that total bract area of poinsettia 'Freedom Early Red' and 'Prestige Red' was reduced by 53.8 and 29.5 cm 2 , respectively, as temperatures decreased from constant 18 to 15.5°C. At PU, no clear trends on the influence of RTF or transplant week were observed for bract area index, a representation of total bract area for any cultivar. However, at UNH, bract area index was generally reduced for 'Prestige Early Red', 'Advent Red', 'Orion Red, 'EarlyGlory', 'Viking Red', and 'Christmas Feelings Red' under RTF and plants were generally shorter at later transplant weeks. Additionally, the bract area-to-height ratio, a measure of aesthetic quality using the bract area index and plant height, was also reduced in these cultivars. For example at UNH, the bract area-toheight ratio of 'Advent Red' was 15.8 and 23.1, respectively, for plants transplanted on Week 31 (early) and placed under RTF of 20/ 13°C (cool) compared with those transplanted on Week 33 (late) and placed under RTF of 24/19°C (warm). However, there were no significant differences in bract area index for 'Advent Red' planted early and finished cool or planted later and finished warm. Therefore, this would suggest that a prolonged vegetative growth phase may counteract any negative influence of RTF on bract area. However, the use of antigibberellin plant growth regulators may be necessary to suppress excessive stem extension from an extended vegetative phase.
Conclusions
To meet target market heights, we can categorize the poinsettia cultivars in the study into transplant Week 32 or 33 if a controlled photoperiod is used based on their final height at anthesis. Assuming a target final height of 40 to 50 cm (16 to 20 inches) for florist quality poinsettias, rooted 'Prestige
